Randles. Aspartate aminotransferase isotope exchange reactions: implications for glutamate/glutamine shuttle hypothesis.
H]OA to malate by malic dehydrogenase (MDH) "protects" the label from release by base, showing that base-induced isotope release is from keto acid rather than a result of release during the exchange process. AAT isotope exchange is discussed in the context of the glutamate/glutamine shuttle hypothesis for astrocyte/neuron carbon cycling. glutamate/oxaloacetate transaminase; transaminase MORE THAN 60% of all central nervous system (CNS) synapses are glutamatergic (22) , indicative of the predominant role that glutamate (Glu) must play in the numerous neurotransmitter-mediated events required for brain function. Nevertheless, Glu becomes a serious neurotoxin if extracellular levels similar to those achieved during neuronal activity are sustained for even short time intervals (5, 11, 20, 23, 25, 28, 33, 41) . Ordinarily, neurotoxicity is avoided because of the activity of sodium-coupled transport systems in cells surrounding glutamatergic synapses. Glu uptake by these systems restores the low extracellular level (ϳ1 M) characteristic of quiescent neurons.
Both neurons and glial cells have capability for Glu reuptake (1, 7, 18, 27, 29) . However, when antisense DNA is used in "knockdown" experiments to block expression of specific transporter isoforms, the most severe pathophysiology occurs when either of the two primarily astrocytic isoforms (GLT1 or GLAST) is eliminated (28) . Gene "knockout" experiments confirm this conclusion. GLT1 knockouts exhibit lethal spontaneous seizure activity (34) , and mice depleted of GLAST survive but show reduced motor coordination (38) . These experiments imply that Glu reuptake by astrocytes is particularly important for avoiding neurotoxicity. However, a problem is created for glutamatergic neurons even if astrocytes take up only a portion of the synaptic Glu. Neurons are believed to be incapable of catalyzing net Glu synthesis from the two-and threecarbon precursors provided by long-chain fatty acid and glucose metabolism, respectively, because they do not express pyruvate carboxylase, the anaplerotic enzyme required for net formation of TCA cycle intermediates (17, 31, 43) . Instead, metabolic intermediates with four or five carbon atoms are thought to be necessary for returning carbon from astrocytes to neurons to allow continuing resynthesis of the neuronal Glu required for sustaining neurotransmission. Carbon must be returned that is at least equal in amount to that represented by astrocytic Glu capture.
Of the various intermediates receiving attention, glutamine (Gln) is often viewed as one of the most likely candidates for carbon return from astrocyte to neuron. Astrocytes have Gln synthetase that can produce Gln from Glu in a single step (26) . Moreover, neurons have capability for sodium-coupled Gln uptake and can resynthesize Glu in a single step catalyzed by phosphate-activated glutaminase (15) . There are no known neuronal Gln receptors, so extracellular return of carbon as Gln would not induce inappropriate neural activity. The proposed neuron-astrocyte-neuron carbon cycle is commonly called the Glu/Gln shuttle hypothesis (3, 30, 35, 37) .
Questions regarding the shuttle hypothesis have been raised on the basis that astrocytes may metabolize some of the Glu they "capture" for energy production via the TCA cycle. To the extent that this occurs, neurons that release Glu will face a carbon deficit unless four-or five-carbon intermediates in some form(s) other than Gln are also returned. Most of the proposed limitations to the shuttle concept are based on observations showing that astrocytes take up isotopically labeled Glu rapidly and produce a wide variety of labeled TCA cycle and other metabolic intermediates (8, 9, 14, 32, 33, 39, 40, 42) . These labeled intermediates are considered alternative candidates to Gln for shuttling carbon back to glutamatergic neurons. The higher the rate of formation of a particular intermediate and the larger its pool size, the more credence it is awarded as an alternative carbon shuttle participant.
The work presented here shows that aspartate aminotransferase (AAT; EC 2.6.1.1) catalyzes a rapid exchange of isotope between Glu and its cognate keto acid ␣-ketoglutarate (KG), in the absence of oxaloacetate (OA) or other keto acid acceptors for the amino group. The enzyme also catalyzes aspartate (Asp)/OA isotope exchange. The exchange reactions allow rapid incorporation of isotope from Glu into KG or from Asp into OA. In the whole cell context, label exchanged into either keto acid pool will then be distributed to other TCA cycle intermediates even though no net consumption of Glu or Asp occurs in the process. Astrocytes are known to express AAT in high activity (10, 19) , so it is likely that similar aminotransferase-catalyzed isotope exchange events occur in intact cells. To the extent they do, rapid labeling of TCA cycle intermediates from labeled Glu exaggerates the calculated rate of net KG production and thus the need for alternatives to Gln for replenishing the neuronal Glu pool.
METHODS
Glu/KG exchange. Enzyme-catalyzed partial reactions were characterized by determining whether AAT can transfer isotope between tritiated amino acid and its cognate keto acid in the absence of the substrate keto acid required for the full net reaction. Glu/KG exchange was studied at room temperature (20-25°C) by incubating 0.5 U AAT/ml with 50 M [2, 3- 3 H]Glu [0.5-1 ϫ 10 5 disintegrations per minute (dpm)/ml] and 10-200 M of unlabeled KG in a medium containing (in mM) 100 KCl, 10 NaCl, and 10 Tris ⅐ PO 4 buffer (pH 7.0). Control experiments in which AAT was omitted were run in parallel. The total incubation volume was 0.1-1.0 ml depending on the number of samples to be taken. One unit of AAT is defined as the amount required to convert 1 mol/min of KG to Glu at pH 7.5 and 37°C with Glu and OA present at saturating concentrations. Incubation with AAT was allowed for intervals from 5 to 120 min. Aliquots (100 l) were taken from the incubation mixture at the times indicated, and enzyme activity was terminated by adding each sample to 100 l of either 0.1 M NaOH or 1 mM aminooxyacetate (AOA), an AAT inhibitor (16) . Enzyme-catalyzed transfer of the amino group from [2, H]Glu to unlabeled KG produces KG labeled with tritium at C-3 and unlabeled Glu. Each 3 H-labeled Glu molecule undergoing Glu/KG exchange liberates tritium at C-2 to the incubation medium as 3 H2O . The amount of C-3 tritium present at C-3 of the keto acid was measured by adding NaOH to force tautomerization of keto acid to the enol form Each keto-enol transition for a given molecule releases half of the C-3 tritium as 3 H2O. Label loss after net conversion of [2,3- 3 H]Glu to [3- 3 H]KG proves that all keto acid C-3 3 H is lost as 3 H2O when NaOH is added. The amount of labeled keto acid was determined by the amount of "volatile" isotope produced by NaOH treatment and lost during subsequent sample evaporation.
After enzymatic activity was terminated, 100-l samples were evaporated to dryness in a fume hood. The dry residue was dissolved in 200 l of water, and tritium remaining in an aliquot was determined by liquid scintillation spectrometry (Beckman LS-200; 50% counting efficiency). Tritiated water in each sample at the time enzyme activity was stopped was calculated as the difference (in dpm) in evaporated samples compared with samples incubated without enzyme.
Although commercial preparations of tritiated Glu are produced as [2,3- 3 H]Glu, C-2 tritium is usually a low percentage of total label because of losses during storage by exchange with H ϩ in the solvent. The manufacturer characterized the preparation used here as having 8% of the total label at C-2. Evaporation of the initial tritiated stock resulted in loss of ϳ8% of the total dpm, suggesting that all of the original C-2 label may indeed have been lost, leaving tritium exclusively at C-3. To evaluate this possibility, the fraction of C-2 tritium was determined by cycling [2,3- 3 H]Glu through KG several times by the combined action of AAT and glutamic dehydrogenase (GDH), as shown by the following reaction sequence
The amount of Glu taken to KG and reconverted to Glu is dependent on the amount of OA available and was determined by spectrophotometric monitoring of the amount of NADH oxidized. The extent of cycling is dependent on the OA-to-Glu ratio provided that the NADH concentration exceeds that of OA. For the conditions indicated above, the amount of NADH oxidized shows that 3.2 times the initial amount of Glu is taken through a Glu3 KG3 Glu cycle before OA is expended as the system progresses toward equilibrium. KG remains at a low level throughout the incubation because the GDH equilibrium constant (K eq ϭ 6.9 ϫ 10 5 at pH 7) highly favors Glu formation (4) . The only label lost after evaporation of samples taken from these experiments is released either from C-2 of the tritiated Glu sample or from the small amount of KG present after the GDH reaction is completed. GDH converts 93% of KG back to Glu under these conditions, as determined by spectroscopic measurements of NADH oxidation with 50 M KG standards. Data shown in RESULTS indicate that little or no C-2 tritium is present in the labeled Glu and that volatile tritium originates solely from C-3 of KG.
The fraction of total label present in KG at isotopic equilibrium is equal to the mole fraction of KG. This value was used to calculate the theoretical limit to expected NaOHinduced label loss shown in Figs. 2, 3 , 5, 6, and 7.
Maximal label loss ϭ Fraction of 3 H in the KG pool at equilibrium ϭ ͓KG͔ ͓Glu͔ ϩ ͓KG͔ For samples stopped with AOA, the amount of 3 H2O provides a measure of label released directly by the enzyme during Glu/KG exchange. Under these conditions, Glu/KG exchange results in loss of C-2 Glu tritium but C-3 tritium is retained in KG. In samples stopped with NaOH, the high pH of the treated sample forces KG to the enol form. Any KG labeled as a result of Glu/KG exchange loses its C-3 tritium as 3 H2O during keto-enol tautomerization. The difference in the amount of label lost during evaporation of samples stopped with NaOH compared with that lost in samples stopped with AOA provides a measure of total tritium conveyed to the KG pool as a result of Glu/KG exchange. In some cases, KG in the sample was converted to Glu by adding 300 M NADH, 1 mM NH 4 ϩ , and 0.1 U/ml of GDH before the addition of NaOH. Tritium is not released from C-3 of Glu by NaOH. All experiments were performed a minimum of three times with similar results in each trial. Data shown in Fig. 2 are means Ϯ SE; all other data are mean values of duplicate samples taken for each set of conditions. The range for each set of duplicates is typically ϳ3% (9 of 10 sample pairs), or smaller than the symbol size used in the figures.
In some experiments Glu was converted to KG on a net basis. In these cases, AAT was incubated with (in M) 50 Glu, 230 OA, and 300 NADH. After different time intervals, 1 U/ml of malic dehydrogenase (MDH) was added. The amount of OA remaining at the time of MDH addition was determined from the decrease in optical density at 340 nm due to NADH oxidation as OA is converted to malate (Mal). This approach provides a means of determining the fraction of [ 3 H]Glu converted to labeled KG as a function of time and allows a comparison to the fraction of label that can then be released from KG by adding NaOH.
Asp/OA exchange. Isotope exchange associated with this partial reaction was evaluated by procedures fundamentally similar to those described in Glu/KG exchange. In this case, AAT was incubated at room temperature with 50 M [2,3-3 H]Asp (0.5-1.0 ϫ 10 5 dpm/ml) and 10-200 M of unlabeled OA. KG and Glu were absent. Again, reactions were stopped with NaOH to determine the amount of label released during the exchange process and by enolization of the [ 3 H]OA product. The amount of tritium at C-2 of the tritiated Asp was evaluated by net conversion of Asp to Mal by incubating (in M) 50 [2,3- 3 H]Asp, 250 KG, and 300 NADH with 0.5 U/ml AAT and 1 U/ml MDH. Parallel experiments in which NADH oxidation was monitored in a spectrophotometer allowed determination of the total amount of Asp converted to OA under these conditions.
Materials. [2, H]Glu and [2,3-3 H]Asp were purchased from New England Nuclear. AAT, GDH, and MDH were purchased from Sigma-Aldrich (St. Louis, MO) and stored at 4°C until used. All other chemical reagents were purchased from Sigma-Aldrich at the highest purity available.
RESULTS
Aminotransferases catalyze transfer of an amino group from an amino acid donor to a keto acid acceptor via a pyridoxal cofactor covalently bound to the enzyme (21, 24) . A pyridoximine intermediate formed during the reaction sequence from the original amino group remains bound to the enzyme. Formation of the intermediate results in conversion of amino acid to its cognate keto acid, the first product of the complete net reaction. The reaction mechanism is "ping-pong" in that the cognate keto acid is released from the enzyme before binding of the second substrate (also a keto acid) required for the full reaction sequence. After binding the substrate keto acid, the amino group is transferred from the enzyme-pyridoximine intermediate to produce a new amino acid as the second product of the reaction. This transfer results in concomitant restoration of the pyridoxal form of the free enzyme. Mechanisms of this type are designated as ping-pong because the enzyme shifts back and forth between two different catalytic forms during the full reaction sequence. The net reaction and a schematic representation of the ping-pong mechanism for the full sequence catalyzed by AAT are where Enz is enzyme. Ping-pong reaction mechanisms always involve "partial" reactions related to the formation and subsequent expenditure of an enzyme intermediate. If the free energy change for a partial reaction is moderate in magnitude, so that unidirectional forward and reverse rates are similar and sufficiently rapid, significant bidirectional fluxes will occur be-tween one substrate and its product in the absence of the second substrate and product. No net interconversion of substrate and product occurs except that due to formation of the tiny amount of pyridoximine-enzyme intermediate necessary to support the steady-state partial reaction sequence. Two partial reactions can be predicted for the AAT reaction mechanism-one between Glu and KG and another between Asp and OA. Occurrence of either partial reaction results in loss of a hydrogen atom from C-2 of the amino acid to the aqueous medium, as shown schematically for the Glu/KG partial reaction (absence of OA and Asp) and the Asp/OA partial reaction (absence of KG and Glu)
If partial reactions indeed occur for AAT, they may be detected by the formation of 3 H 2 O from an amino acid substrate tritiated at C-2. As shown above, if the amino acid is tritiated at both C-2 and C-3, the keto acid product retains the C-3 tritium. Because amino acid C-2 tritium is usually limited in amount because of spontaneous losses during storage, the degree to which either partial reaction has occurred is better determined by the amount of tritium in the keto acid pool as described in METHODS.
The degree to which AAT catalyzes a Glu/KG partial reaction was evaluated by incubating the enzyme with 50 M [2, 3- 3 H]Glu and either 50 or 200 M of unlabeled KG. As shown in Fig. 1 , the amount of tritium retained after sample evaporation decreases as a function of time and in a manner that is dependent on the amount of KG present. Much more label is released when samples are treated with NaOH instead of AOA, showing that most of the volatile tritium was released by enolization of the KG pool rather than by the enzyme during the exchange process. Figure 2 shows the amount of tritium remaining after a 60-min incubation interval when 50 M [ 3 H]Glu was incubated with six different concentrations of unlabeled KG. Total tritium loss is markedly dependent on the size of the KG pool, as suggested by the results shown in Fig. 1 . The maximal tritium loss expected for each KG concentration is also shown in Fig. 2 . These values were calculated from the amount of label expected in the KG pool if isotopic equilibrium had been achieved between Glu and KG. After a 60-min incubation interval, the tritium loss observed for each KG concentration was ϳ80% of the calculated maximal value.
In experiments similar to those summarized in Figs. 1 and 2, NADH and NH 4 ϩ were included in the incubation mixture. After 60 min of incubation to permit isotope exchange to the KG pool, GDH was added to some of the samples and incubation continued for another 40 min to allow conversion of any labeled KG to Glu. Samples taken when only AAT is present lose 70% of the total label after NaOH treatment and evaporation. After GDH treatment, nearly all of the tritium is "protected" by conversion of KG to Glu and was retained after NaOH and evaporation as shown in Fig. 3 . When both AAT and GDH were present at the start of the experiment, only 7% of the total label was lost after the 100-min incubation interval, the same amount as when GDH was added after 60 min. Figure 4 shows results obtained when tritiated Glu was converted to KG on a net basis by incubating AAT with 50 M Glu and 230 M OA. The amount of OA remaining after various incubation intervals, determined from the optical density change after MDH was added to each sample, showed that 41.5 M OA was utilized after an 80-min incubation, indicating that an equal amount of Glu (83%) was converted to KG during that time. The percentage of label lost after NaOH treatment after various time intervals was determined in parallel experiments under identical conditions but with [2, H]Glu present. The percentage of label lost during evaporation is approximately equal to the per- centage of Glu converted to KG in each sample, as shown.
In another approach, Glu was converted to KG and then cycled back to Glu by incubating 50 M [2,3- The decrease in NADH showed that 3.2 times the initial amount of Glu was cycled from Glu to KG and then back to Glu before OA became limiting. Despite the high degree of Glu turnover with both enzymes present, only 5% of the total tritium was lost after treatment of the final incubation mixture with NaOH and subsequent evaporation (Fig. 5 ). This loss probably is C-3 tritium released from the small amount of KG not cycled back to Glu rather than from C-2 of the [ 3 H]Glu substrate (see DISCUSSION) . When only AAT was present to allow net KG formation, ϳ70% of the total tritium was lost. Experiments similar to those described above show that AAT also catalyzes isotope exchange between Asp and OA. When AAT was incubated with 50 M [2, H]Asp and variable amounts of unlabeled OA, the amount of NaOH-induced label loss was a function of the Asp-to-OA ratio, as shown in Fig. 6 converted immediately to Mal. Under these circumstances, ϳ25% of the total label also is lost after treatment with NaOH and evaporation, as shown in Fig. 7 . H]Glu by 1 U/ml glutamic dehydrogenase (GDH). GDH (E) protected virtually 100% of the tritium otherwise lost after NaOH treatment and evaporation when only AAT was present (F). When AAT and GDH were both present from the start of the experiment (OE), 7% of the total tritium was still lost, indicating that a small pool of KG may not have been converted to Glu and was still available for supporting isotope exchange. (OA; left axis) . The % of tritium remaining in nonvolatile form after NaOH treatment is shown on right axis. The amount of Glu converted to KG is equal to the amount of OA consumed in the net AAT reaction, i.e., the difference between initial OA and residual OA at the time the sample was taken. Residual OA was determined from the change in optical density after 1 U/ml malic dehydrogenase (MDH) was added to the reaction mixture. The reaction mixture included 300 M NADH. 3 H]Glu and 0.5 U/ml AAT. Enzyme activity was stopped by addition of 1 M NaOH before evaporation of samples. Each data point is the mean Ϯ SE for 3 separate experiments. The dashed line shows the theoretical limit of the expected tritium loss, assuming that NaOH liberates all isotopic label in the KG pool and that isotopic equilibrium was achieved between Glu and KG.
Net conversion of Asp to OA and the Asp/OA exchange reaction are blocked by AOA.
DISCUSSION
The data presented here show that AAT catalyzes two partial reactions in addition to the two-substrate, two-product net reaction usually considered. Each partial reaction leads to isotope exchange between an amino acid substrate and its cognate keto acid, under conditions where net interconversion of the two reactants cannot occur. Release of label in volatile form ( 3 H 2 O) after NaOH-induced enolization of keto acid is a rapid and sensitive method for detecting each partial reaction. When the full net reaction is allowed, the percentage of [ 3 H]Glu converted to KG proves to be the same as the percentage of total tritium released after evaporation of NaOH-treated samples (Fig. 4) , showing that base releases tritium from KG quantitatively. Production of volatile tritium requires AAT, is time dependent, and is inhibited by AOA, an aminotransferase inhibitor (Fig. 1) . Nearly all of the tritium released in Fig. 1 is dependent on NaOH addition, showing that little releasable tritium came from C-2 of Glu. This was confirmed by experiments in which tritiated KG was converted to [ 3 H]Glu with GDH. In one case, labeled KG was produced by exchange with tritiated Glu (Fig. 3) . In the other, [ 3 H]Glu was cycled three or four times on a net basis to KG and then back to Glu (Fig. 5) . Only 5-7% of the total label was lost in each case. Both experiments show that strong base does not induce tritium release from amino acid. The cycling experiment in particular indicates that no more than 5% of tritium in the original [2,3- 3 H]Glu could have been at C-2.
It is important to recognize that, in both experiments, a small pool of KG remains after GDH action that may explain the small amount of label lost after NaOH treatment. The K eq for AAT is ϳ1.0, and the reported K eq for Glu formation from KG by GDH is 6.9 ϫ 10 5 at pH 7.0 (4). With these values and the initial concentrations of Glu, OA, NADH, and NH 4 ϩ present in the experiment shown in Fig. 5 , it can be calculated that Ͻ1% of the initial 50 M Glu would be present as KG if both reactions achieve equilibrium. Spectrophotometric measurement of NADH oxidized during the 60-min incubation interval shows that the reaction actually reaches 93% of the calculated equilibrium value. The 5-7% label loss in the experiments shown in Figs. 3 and 5 therefore can be explained by base-induced loss of C-3 tritium from the small pool of labeled KG remaining in the incubation mixture because of the lack of full equilibrium for GDH. We conclude that virtually all the volatile tritium produced from Glu because of Glu/KG exchange results from base-induced enolization of [ 3 H]KG, with consequent release of C-3 tritium.
As shown in Figs. 2 and 6, isotope exchange is dependent on relative pool sizes of the amino/keto acid pair. Figures 2, 3 , and 5 include a comparison of the observed fraction of tritium released during sample evaporation and the maximum fraction predicted to be in KG. As shown, the approach to equilibrium is de- Fig. 6 . AAT-catalyzed isotope exchange between 50 M [ 3 H]Asp and unlabeled OA as a function of OA concentration. In one case, MDH was added before NaOH treatment but after 75% of the Asp tritium was shifted to OA where it is subject to base-induced release. Twothirds of the potentially releasable label was protected from release during subsequent NaOH treatment. Lack of protection for the other one-third indicates that ϳ24% of the total tritium is at C-2 of the [2,3- 3 H]Asp. The dotted line shows the theoretical limit for 3 H2O formation expected if isotopic equilibrium had been achieved before NaOH treatment, after correction for the loss of C-2 tritium. The reaction medium contained 300 M NADH. ϩ . When only AAT was present during the 2-h incubation interval, 65% of the isotope was converted to 3 H2O after NaOH treatment and lost during subsequent evaporation. When GDH was added after 60% of the isotope had been converted to a potentially volatile form, but before NaOH was added to stop enzymatic activity, the label was progressively "protected" from later release by NaOH. When AAT and GDH were both present at the outset, only 4% of the label was released by NaOH treatment. GOT, glutamate/oxaloacetate transaminase. pendent on the time allowed for the exchange process and on the KG-to-Glu ratio. For the AAT concentration used (0.5 U/ml), approximate isotopic equilibrium is established in 60 min at room temperature when Glu and KG are present at 50 and 10 M, respectively. As the concentration of KG is raised, more total tritium is transferred to the keto pool but longer incubation times are required to approach equilibrium. At 500 M KG, isotope in the KG pool after 1 h is ϳ80% of the calculated equilibrium value.
Although label in volatile form is routinely detected after NaOH treatment to induce release of C-3 tritium, it is also possible that some label originates from spontaneous enolization of keto acid before addition of base. Tautomeric tritium loss is probably modest in magnitude because of the very low percentage of enol KG expected at pH 7.0. Nevertheless, if rate constants are high for the keto-enol transition, some C-3 label could be lost. If appreciable tautomerization occurs at pH 7.0, then label will remain in the incubation medium as 3 H 2 O after conversion of labeled KG to Glu and be lost during sample evaporation. As described above, the 5-7% tritium loss after sample treatment with GDH probably originates from NaOH-induced enolization of the small amount of KG (ϳ3.5 M) remaining after enzyme treatment. Base-induced tritium release from this small KG pool fully accounts for the observed tritium loss and implies that tautomeric label release due to spontaneous tautomerization at pH 7 is negligible.
Figures 6 and 7 show that AAT also catalyzes an Asp/OA exchange. Exchange between 50 M [ 3 H]Asp and 200 M unlabeled OA results in release of ϳ75% of the total label after 60 min. However, if MDH is then added to convert labeled OA to MAL, only two-thirds of the volatile label present before MDH is protected (Fig. 6) , in contrast to the case with Glu, where GDH added after [ 3 H]Glu/KG exchange protects nearly all tritium from NaOH-induced loss. The 24% label loss after MDH treatment could be due to spontaneous tautomerization of OA occurring more readily than for KG. Insight into this possibility is provided in Fig. 7 . In this case, net conversion of [ 3 H]Asp to OA by incubation of AAT with 250 M unlabeled KG resulted in loss of 59% of the total label. Spectroscopic data showed that 60% of the 50 M Asp was converted to OA if only AAT was present, in good agreement with the fraction of label lost. When MDH is then added, it "pulls" the Asp 3 MAL conversion 99% to completion. After MDH is added at 60 min, the base-induced tritium loss is still 25%. The same loss (24%) is observed if both AAT and MDH are present from the start of the experiment, despite the fact that the OA pool is much smaller in this case during the entire incubation interval. The data are consistent with a substantial percentage of total label in C-2 of [ It should be noted that AAT can also catalyze a direct exchange of C-3 tritium with solvent H ϩ under certain circumstances. Nuclear magnetic resonance (NMR) and proton magnetic resonance (PMR) studies show that C-3 deuterium/hydrogen exchange occurs when AAT is incubated in 2 H 2 O with 100-200 mM Glu and 0.1-2 mM KG (2, 6). The exchange probably results from polarity of an imine intermediate formed by the enzyme that influences 3 H lability at the adjacent C-3. Rearrangement of the initial imine to an enamine is thought to be facilitated by transfer of a C-3 hydrogen atom (as H ϩ ) to a basic group in close proximity on the enzyme. If the substrate proton extracted by the enzyme exchanges with a solvent deuteron, reversal of the imine-enamine transition allows deuterium incorporation to the pyridoxal-bound carbon skeleton that can either be converted back to Glu or appear as [ 2 H]KG if the keto acid is released by the enzyme. With Glu as substrate, a small pool of KG in the medium is mandatory for allowing NMR detection of H/ 2 H exchange, even though the required enzyme-bound intermediates could be expected to originate solely from Glu. KG probably prevents rapid dissociation of KG derived from the Glu substrate, allowing the enzyme to sustain a significant titer of bound [ [2,3- 3 H]Asp, 250 KG, and 300 NADH (F). MDH added after 60 min protected over half of the tritium otherwise released by NaOH, but 24% remained releasable (E). When AAT and MDH were present from the start (OE), 22% of the label was lost after NaOH and evaporation. The top dashed line is the average of 9 samples taken over 90 min but with AOA present from the start of incubation (‚). The bottom dashed line is the loss expected from the amount of OA produced from Asp, determined by spectroscopic measurement, after correction for the calculated tritium loss from C-2. The difference between this value and the observed label loss relates to MDH "pulling" the AAT reaction toward completion more fully than when only transaminase is present.
is especially pronounced for alanine aminotransferase (2, 6) .
It is important to recognize that the mechanism of aminotransferase-catalyzed H/ 2 H exchange with solvent described above allows H ϩ (or tritium) release from C-3 of amino acid substrates as a direct result of enzyme activity (36) . However, once tritium is released by this process, it would not be restored to the substrate by reversal of the AAT reaction or by action of another enzyme because of 3 H dilution in the massive H ϩ pool represented by aqueous solvent. Our results clearly show that conversion of KG to Glu by GDH, or of OA to MAL by MDH, prevents formation of volatile label that otherwise is released by NaOH. The NaOHinduced label release must originate from the keto acid pool, rather than directly from 3 H/solvent exchange at C-3 via an enzyme-bound intermediate.
As might be expected, the magnitude of C-3 H exchange with solvent is highly dependent on enzyme concentration. Substrate/solvent H/ 2 H exchange observed by NMR occurs at enzyme concentrations 40-to 80-fold higher (20-40 U/ml) than those used here and with amino acid concentrations (100-200 mM) more than 100-fold higher (2, 6) . The moderate enzyme and substrate concentrations used in our experiments prevent C-3 tritium release directly by the enzyme from making a significant contribution, relative to the rate of tritium exchange between the Glu and KG pools. Tritium release from an enzyme intermediate as the basis of 3 H 2 O formation would be detected after stopping the enzyme activity with AOA. The tritium release as 3 H 2 O described here does not occur if the AAT reaction is stopped with AOA; hence it is primarily (if not entirely) a result of release from the KG pool by strong base. Together, the data are consistent with an active isotope exchange between substrate and cognate keto acid, with little or no isotope release from enzymebound intermediate(s).
Glu/Gln shuttle. The Glu/KG partial reaction of AAT described here raises significant questions regarding some of the challenges raised against the Glu/Gln shuttle hypothesis. Most of those challenges call attention to the fact that astrocytes incubated with isotopically labeled Glu produce a wide variety of labeled TCA cycle and related metabolic intermediates. The rapidity of formation of these products has been interpreted as indicative of substantial net Glu metabolism by astrocytes rather than conversion to Gln and subsequent return of carbon in that form to glutamatergic neurons (9, 14, 32, 33, 39, 40) . One study showed that astrocytes convert uniformly labeled-[
13 C]Glu to Glu and Gln labeled at carbons 1, 2, and 3 (33) . This labeling pattern can be explained if part of the uniformly labeled KG product produced by AAT makes one turn of the TCA cycle and is then converted back to Glu either by GDH or AAT. The observation was interpreted as a partial restoration of Glu that had been converted to KG on a net basis, after one circuit through the cycle. Thus actual net Glu loss was less than that otherwise calculated from the amount of 14 CO 2 produced from [1-14 C]Glu, which loses all its 14 C label at KG dehydrogenase. The original interpretation of the data concluded that some net consumption of Glu occurs, even after correction for reconversion of KG to Glu. Hassel and Brathe (12, 13) suggested that the apparent need for a carbon cycle is debatable because neurons can incorporate label from 14 CO 2 into Glu. They proposed that malic enzyme (ME) may allow conversion of pyruvate to Mal that is then converted to Glu via TCA cycle activity without a requirement for pyruvate carboxylase. However, enzymes that catalyze carboxylation events typically require biotin as cofactor, which is important to provide sufficient affinity for the CO 2 substrate. ME is not a biotin enzyme. Our own observations indicate that ME produces pyruvate, not Mal. At physiological concentrations of Mal and pyruvate, Ͼ95% of the Mal present is converted to pyruvate with concomitant NADPH production, rather than formation of Mal and NADP. This is consistent with the conventional view that ME functions to produce NADPH to support reductive biosynthetic events.
AAT-catalyzed isotope exchange raises another explanation for the wide distribution of label among metabolites that is observed after incubating astrocytes with labeled Glu. The Glu/KG partial reaction can transfer labeled carbon from Glu to KG. All TCA cycle intermediates produced subsequently will be labeled, but this implies no net consumption of Glu. Moreover, isotope exchange is a two-way street. Once isotope is distributed among TCA cycle intermediates, formation of [1,2,3- 13 C]Glu from the original UL-[ 13 C]Glu may imply nothing more than an ongoing exchange cycle that transfers isotope from differentially labeled KG back to Glu that now will gain the same labeling pattern as the KG involved in the exchange process. The initial partial reaction can allow rapid formation of labeled metabolic intermediates from labeled Glu with no net Glu oxidation. The second exchange event allows production of [1,2,3- 13 C]Glu from UL-[
13 C]Glu but would not imply net Glu synthesis. To the extent that any isotope exchange occurs, there is less net Glu oxidation than would otherwise be concluded from the distribution of isotope in metabolic intermediates. Labeling patterns alone do not provide insight into the magnitude of net Glu consumption or production.
Furthermore, astrocytes may catalyze net synthesis of Glu from KG via GDH activity under the same conditions in which simultaneous AAT-catalyzed isotope exchange allows formation of labeled metabolites. It is important to remember that equilibrium for the reaction catalyzed by GDH lies greatly in favor of Glu formation. At pH 7.4, the equilibrium ratio of Glu to KG established by GDH ranges from a few hundred-to a few thousandfold, depending on the NH 4 ϩ concentration and the NADH-to-NAD ratio sustained in the mitochondria. It is important to note that glucose was present in all of those studies in which [ 13 C]Glu was used to study isotope distribution in metabolites. Astrocytes express pyruvate carboxylase (31, 43) , the anaplerotic enzyme necessary for providing net synthesis of KG from glucose. These cells therefore have the capacity for net Glu production, even while exchange events cause isotope distribution in metabolites that would suggest net Glu metabolism. When glucose is present, the pool size of TCA cycle intermediates and other metabolites may convey more information regarding glucose metabolism than that of Glu. Accurate interpretation of metabolism from isotope distribution data is particularly complex and difficult if AAT-catalyzed partial reactions occur concomitantly.
The rate of AAT in vivo is believed to be seven to eight times faster than the rate-limiting step for TCA cycle activity. This pronounced rate difference allows cellular pools of AAT reactants and products to be near thermodynamic equilibrium. Therefore, it is tempting to assume that the net AAT reaction allows isotope introduced to the cellular Glu pool to achieve rapid isotopic equilibrium with the KG pool. However, the steady-state KG pool is ϳ20-fold larger than that for KG. Net AAT activity is limited by OA availability such that complete turnover of the entire steady-state OA pool delivers only a small amount of label from Glu to KG and then on to TCA cycle intermediates. In contrast, isotopic equilibrium due to the AAT partial reaction can label the KG pool ϳ20-fold faster. Indeed, label transfer by AAT from Glu to KG is nearly undetectable at physiological concentrations of OA compared with KG at its physiological concentration. We conclude that the Glu/KG partial reaction of AAT may be a much greater determinant of isotope incorporation from Glu to the TCA metabolite pool than the net AAT reaction with OA. Label incorporation to these metabolites must be interpreted with caution when assessing quantitative aspects of Glu metabolism. Otherwise, the role played by a Glu/Gln shuttle in the CNS carbon cycle may be underestimated.
